Abstract. An optical near field should promote phonon-assisted multiple excitation in nanoscale structures. With the phonon-assisted process, greater catalytic activity is expected without heating. To confirm this effect, photo-induced current generation using platinum black electrodes in ferricyanide solution (an absorption band-edge wavelength of 470 nm) under visible light irradiation continuous wave [(CW), λ ¼ 532 nm] was observed. Higher order dependence of the generated current density on the incident light power was observed, indicating two-step activation of electron transfer, which originated from the phonon-assisted near-field effect on the nanostructured surface of the electrode.
Introduction
The efficiency of electron transfer at the interface between the electrode and solution depends strongly on the rearrangement energy of the solvent, L.
1,2 Thermal heating is used to overcome L [process (a) in Fig. 1 ], which can be reduced by using a catalyst. Although platinum (Pt) is the most efficient catalyst for electron transfer, the amount of Pt used should be as low as possible since it is a rare material. Pt nanoparticles can be used to increase the catalyst surface area. 3, 4 However, the efficiency of electron transfer remains the same as that of a flat surface. The substitution of transition metals for Pt has been studied; these act as an active center and result in highly efficient electron transfer. 5 The optical near field, which is a virtual photon that can couple with an excited electron, can be used to achieve greater electron transfer efficiency. The quasiparticle representing this coupled state has been called a dressed photon (DP), 6 and its energy exceeds the energy of a free photon due to contributions from the coupled electron. In addition, the DP interacts with the multiple modes of coherent phonons in the solvent [process (b 1 ) in Fig. 1(b) ] that cannot be excited by far-field light. Note that the coherent phonons are different from those that resulted in a temperature increase and those in the nanoscale materials. 6 The intermediate state of the solvent electron is a real state and so it can be coupled with a DP or far-field light [process (b 2 ) in Fig. 1(b) ]. 7 Consequently, the solvent gains energy exceeding the rearrangement energy, and a more efficient electron transfer is expected [process (b) in Fig. 1(b) ]. 8 Therefore, phonon-assisted activation can increase the efficiency of electron transfer at nanostructures on which DPs are generated, in addition to efficiency enhancements due to increased surface area.
To confirm this effect, we used FeðCNÞ 3− 6 because of its chemical stability in solution and the simplicity of its reaction. To generate DPs, we introduced a Pt black electrode with a nanostructured surface. A photo-induced current was generated using visible light, indicating greater catalytic activity without heating. The novelty of this paper lies in the production of a device for converting thermal energy into electrical energy by inducing the near-field effect on nanostructured material.
Experimental Methods
To confirm the phonon-assisted activation of electron transfer, we observed current generation in ferricyanide solution (0.01 M K 3 ½FeðCNÞ 6 with 1 M KNO 3 aqueous solution) 9 using a threeelectrode setup, as shown in Fig. 2(a) . . Since no chemical change occurs, the generated current can be attributed to the number of electrons exchanged. To generate a current using DPs, we used CW visible light with a wavelength of 532 nm. Since FeðCNÞ 3− 6 has an absorption at <450 nm [ Fig. 2(b) ], 10 the observed current generated using 532-nm light did not originate from the photochemical reaction of the ferricyanide solution.
Preparation of the Pt Black Electrode
A 30-nm-thick Ti film was deposited on the sapphire substrate to enhance the adhesion of the Pt film to the substrate. Figure 3 (a) shows a scanning electron micrograph of an electrode on which Pt was sputtered, as shown in the dashed square. Figure 3(b) shows an atomic force microscopy (AFM) image of Fig. 3(a) ; the surface roughness was R a ¼ 1.22 nm.
Pt black was deposited on the Pt electrode using an electrodeposition method. 11, 12 To deposit Pt black on the Pt film electrode, 1 g of hexachloroplatinic (IV) acid (H 2 ½PtCl 6 ) was dissolved in 100 mL of deionized water with 0.1 mL of concentrated hydrochloric acid used as a plating solution. A three-electrode setup was used, in which the working electrode was a Pt film with respect to that of the RE. To examine changes in current resulting from light irradiation, the photocurrent was measured at −0.3 V (versus RE) to exclude the effects of changes in conditions. Figure 4 (b) shows the current density as a function of time. The laser irradiation was switched on and off every 100 s. As shown in Fig. 4(c) , the average current density (circles) increased with laser power, I, when the laser irradiation was on, whereas the average current density (squares) remained constant when the laser irradiation was off. The blue circles in Fig. 5(a) show the normalized current density Δi∕i, where Δi is the differential current density averaged between on and off states of the laser. To estimate the current generation without thermal heating, we calculated the heat generation in a Pt black electrode deposited on a sapphire substrate. Here, we consider the maximum temperature increase when the incident light was transformed completely into heat at the Pt interface by neglecting the solution without the reflection and transmission of light. In addition, the temperature at the interface between the back side of the sapphire substrate and the solution reached room temperature because the substrate was dipped in the solution. Based on these assumptions, one-dimensional conductive heat transfer model was generated using a simple structure [ Fig. 5(b) ] in which the heat transfers from the front (Pt film) to the back (sapphire substrate) of the electrode. The temperature rise ΔT, which is the temperature difference between the front and back sides of the electrode, is given
Current Generation Evaluation
where L 1 and L 2 are the respective thicknesses of the Pt (L 1 ¼ 4.2 μm) and sapphire (L 2 ¼ 300 μm) layers, k 1 and k 2 are the respective heat transfer coefficients of the Pt (k 1 ¼ 70 W∕mK) and sapphire (k 2 ¼ 42 W∕mK) layers, S is the surface area of 1 mm 2 , and I is the incident light power. As a result, we obtain ΔT½K ¼ 7.20I½W. The temperature dependence of the current density follows an Arrhenius-type behavior (i ¼ i 0 e −L∕RT , where i is the current density, i 0 is the quasi exchange current density of the material, L is the solvent rearrangement energy, R is the gas constant, and T is the temperature). The temperature-dependent rearrangement energy of the solvent L can be determined by measuring the current with a constant applied voltage. Using a three-electrode setup, the current density was measured at −0.3 V (versus RE) over a temperature range of 278-328 K, and L was found to be 0.39 eV. This value agrees well with the value of 0.48 eV calculated using the following equation:
where r is the diameter of a molecule (4.1 Å), n is the refractive index of water (1.33), and ε r is the relative permittivity of water (78.5). In addition, the temperature increase with light
Temp.
Pt: irradiation is considered to converge on a constant temperature of T þ ΔT. Therefore, the increase in current can be described as follows:
After using ΔT½K ¼ 7.20I½W obtained above, the maximum current increase with laser heating is determined as follows:
The solid curve in Fig. 5(a) shows the calculated current generated using L ¼ 0.48 eV. Figure 5(c) shows the difference between the obtained normalized current density [solid circles in Fig. 5(a) ] and the calculated current generation using L ¼ 0.48 eV [solid curve in Fig. 5(a) ]. The results indicate that heat generation was dominant at I > 2W. Therefore, the difference between the calculated results and the experimental data may be due to the heat generation. To decrease this effect, we decreased the irradiation power. Figure 6 shows the normalized current density as a function of the incident light power. Here, we calculated the heat generated in a Pt black electrode using Eq. (4) (solid lines in Fig. 5 ) and found that the heat generation was negligible with respect to that of the phonon-assisted process. Differences in the Pt black electrode relative to that used to generate the data in Fig. 5 resulted in the off current density and consequent different values for Δi∕i. Note, however, that higherorder dependencies on the excitation power appeared with increasing current density, which were fitted by the second-order function Δi∕i ¼ aI þ bI 2 (Fig. 6 ), indicating the two-step activation of electron transfer that originated from the DP on the nanostructured surface of the electrode. In addition, the current increase with the Pt black electrode was much larger than that on the sputtered Pt electrode [black solid curve in Fig. 6(a) ], indicating that the current increase for Pt black originated from the DP on the Pt black surface.
Concluding Remarks
We performed phonon-assisted activation of electron transfer using Pt black electrodes in ferricyanide solution under visible light irradiation. We evaluated the incident light power dependence of the generated current density and found it had second-order dependency, which indicated the two-step activation of electron transfer originating from the optical near-field effect on the nanostructured electrode surface. Since the phonon-assisted near-field effect can be enhanced when the structure is fabricated using the phonon-assisted near-field effect, 8 further increase in photocurrent generation is expected using Pt black electrodes deposited using the phononassisted near-field process. Recently, Wada et al. 13 achieved direct observation of DP generation with coherent phonons in homojunction-structured Si light-emitting diode in which modes of coherent phonons were determined using pump-probe spectroscopy. In addition, the side band originated from the coherent phonon excitation were observed in the spectra in Si LED, which was fabricated in a DP-assisted annealing process.
14 By applying this technique to the electrode fabrication process, an optimum morphology can be achieved. This finding is not a quantitative innovation that enables improved electron transfer but is a qualitative discovery that opens new avenues in nanoscale physical chemistry.
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